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A ferromagnetic coupling between localized Mn spins was predicted in a series of ab initio and
tight binding works and experimentally verified for the dilute magnetic semiconductor Ga1−xMnxN.
In the limit of small Mn concentration, x . 0.03, the paramagnetic properties of this material were
successfully described using single ion crystal field model approach. However, there is still a need
to investigate the effect of magnetic coupling on magnetic properties of dilute magnetic semicon-
ductors using approach that goes beyond the classical approximation, e.g. Landau-Lifshitz-Gilbert
one. Therefore, in order to obtain the magnetization M(T,B) of (Ga,Mn)N in the presence of inter-
acting magnetic centers, we extend the previous model of a single substitutional Mn3+ ion in GaN
by considering pairs, triplets and quartets of Mn3+ ions coupled by a ferromagnetic superexchange
interaction. Using this approach we investigate how the magnetic properties, particularly the mag-
nitude of uniaxial anisotropy field change as the number of magnetic Mn3+ ions in a given cluster
increases from 1 to 4.
I. INTRODUCTION
Magnetism in reduced dimensions, such as in mag-
netic nanostructures and magnetic clusters, has received
a great research interest in the recent years due to its
unexpected features and potential applications in high-
density storage [1], nanoelectronics and quantum com-
putations [2]. A major advantage with respect to analo-
gous bulk based materials originates from an additional
degrees of freedom of nanoparticles to tune the magnetic
properties by modifications of their size, shape, number
of magnetic ions and/or coupling with the substrate [3].
For example, recently it has been shown that single cobalt
atoms deposited onto platinum (111) surface pose a very
large magnetic anisotropy energy (MAE) of about 9 meV
[4]. The single-ion MAE depends on the arrangements
of atoms around the magnetic ion through the spinorbit
interaction and crystal field induced anisotropy of quan-
tum orbital angular momentum (L). In the bulk mate-
rials the magnitude of L is usually quenched or strongly
diminished by electron delocalization, ligand fields and
hybridization effects, what result in small values of MAE
of the order of 0.01 meV/atom [5]. However, it is possible
to enhance the MAE by using low-coordination geome-
tries, such as atoms deposited on the surface, 1D atomic
chains, magnetic clusters or molecular complexes. The
values of MAE of the order of 1÷ 10 meV per atom have
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been routinely reported in such systems [4, 6, 7]. Ex-
periments on small particles of iron, cobalt, and nickel
revealed the strong dependence of per-atom magnetic
moments on the cluster size [8]. The ferromagnetism
was present even for the clusters composed of about 30
atoms, with atom-like magnetization. These magnetic
moments per one atom decreased with the number of
ions in a given particle, approaching the bulk limit for
about 500 atoms. Even in the material investigated here,
the magnetic anisotropy strongly depends on the Mn ion
concentration x, due to the dependence of lattice pa-
rameters c and a of Ga1−xMnxN on x. The magnetic
anisotropy is high in very diluted case[9] and then de-
creases with x. [10]. High MAE reduces the magnitude
of the thermal fluctuations in superparamagnetic nanos-
tructures and thus determines the potential applicabil-
ity of these small-scale systems in high-density recording
and magnetic memory operations. It is thus very relevant
to investigate magnetic anisotropy properties of systems
with reduced symmetry and/or coordination of magnetic
aggregates.
In this paper we numerically study how the MAE
evolves from single isolated magnetic Mn3+ impurity in
GaN to very small magnetic clusters, composed of up to
four Mn3+ ions coupled by ferromagnetic superexchange
interaction. Similar approach has been used to explain
experimental results of singles and antiferromagnetically
coupled pairs of Mn ions in InS-based dilute magnetic
semiconductor (DMS) [11]. In Ref 12 the single ion crys-
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2tal field model (CFM) was extended to simulate mag-
netic properties of pairs and triplets, however the basis
functions for diagonalization of Hamiltonian were consid-
erably restricted by taking only 10-fold degenerate func-
tions of 5E symmetry. Here we use CFM approach to
model small magnetic clusters with up to 4 ions, where
all function of 5E and 5T symmetry are included in set-
ting up the Hamiltonian with spin-orbit interaction and
both trigonal and Jahn-Teller deformation taken into ac-
count.
II. MODEL
The standard theoretical approach to tackle magnetic
systems is to use density functional theory (DFT) cal-
culations that can give insight into the values of MAE,
exchange interactions and atomic moments. Due to nu-
merical complexity of DFT, the simulations are generally
limited to very small structures or bulk/2D periodic sys-
tems. In order to obtain macroscopic properties such
the Curie temperature and total magnetization M(T,B)
of the large systems one can resort to classical approx-
imations, namely atomistic spin models supplemented
with Monte Carlo or Landau-Lifshitz-Gilbert (LLG) dy-
namics [13]. However, small magnetic nanostructures at
very low temperature are fundamentally quantum me-
chanical systems due to the quantization of the relevant
energy levels. For example, M(T,B) characteristic of
a single substitutional transition metal ion in a given
semiconductor can be obtained using the full quantum-
mechanical crystal field model approach. The CFM was
developed by Vallin[14, 15] for II-VI dilute magnetic
semiconductors doped with Cr, and then successfully ap-
plied for other DMSs[9, 16–23]. Recently it was shown
that CFM simulations can explain magnetic [9, 21, 22],
magnetooptic[19] and even magnetoelectric[10] proper-
ties in dilute Ga1−xMnxN, with x ≤ 0.03. Therefore it is
a natural way to extend aforementioned model of a sin-
gle substitutional Mn3+ ion in GaN by considering pairs,
triplets and quartets of Mn3+ ions coupled by ferromag-
netic superexchange interaction [22, 24, 25]. Due to the
fact that the number of elementary operations and com-
puter memory needed for calculations grow exponentially
with the number of particles, the CFM simulations are
restricted here to small magnetic clusters composed of up
to four ions.
The considered here cluster types are shown in Fig. 1.
Due to the short-ranged nature of spin-spin interactions,
only the couplings between the nearest-neighbor (nn) Mn
ions are taken into account. Each magnetic cluster is
defined as a group of magnetic ions coupled by an nn
ferromagnetic superexchange interaction, and decoupled
from other more distant magnetic atoms. As Mn ions
in Ga1−xMnxN are randomly distributed over Ga cation
sites [26], the distribution of the different types of clus-
ters, which depends on the Mn concentration x, can be
precisely estimated [27].
The energy levels of a single Mn3+ ion in wurtzite
GaN can be obtained by numerical diagonalization of
the following (25 x 25) Hamiltonian matrix HS (see also
Ref. 9, 10, 19, and 21)
HS(j) = HCF +HJT(j) +HTR +HSO +HB, (1)
where HCF = −2/3B4(Oˆ04 − 20
√
2Oˆ34) is the cubic
field of tetrahedral Td symmetry, HJT = B˜
0
2Θˆ
0
4 + B˜
0
4Θˆ
2
4
describes the static Jahn-Teller (J-T) distortion of the
tetragonal symmetry, HTR = B
0
2Oˆ
0
4 +B
0
4Oˆ
2
4 corresponds
to the trigonal distortion along the GaN hexagonal c-
axis, HSO = λLˆSˆ represents the spin-orbit coupling.
HB = µB(gLLˆ+gSSˆ)B describes the Zeeman term where
g-factors are gS = 2, gL = 1, µB is the Bohr magneton
and B is the magnetic field. Here Θˆ are Stevens equiv-
alent operators for a tetragonal distortion along one of
the three equivalent cubic [100], [010], [001] directions
denoted by j = A,B,C respectivelly, and Oˆ are Stevens
operators for a trigonal distortion along [111] ‖ c-axis of
GaN. Bki , B˜
k
i , λTT , and λTE denote parameters of the
crystal field model, which are given in Tab. I. These pa-
rameters are taken from Ref. 10. We only modified values
of Bji corresponding to trigonal deformation, as they de-
pend on the wurtzite lattice parameters c and a and can
be controlled by strain engineering or electric field [10].
All simulations are performed at temperature T = 2K.
The basis of a single Mn3+ ion (d4 configuration, with
S = 2, L = 2) consists of a total of W=(2S+1)(2L+1) =
25 function |mL,mS〉 characterized by spin −2 ≤ mS ≤ 2
and orbital −2 ≤ mL ≤ 2 quantum numbers. Due to the
presence of three different J-T centers (j = A,B or C),
3TABLE I. Parameters of the crystal field model of single Mn3+
ion in GaN and superexchange interaction between nearest
neighbors used in calculations. All values are in meV.
B4 B
0
2 B
0
4 B˜
0
2 B˜
0
4 λTT λTE J
11.44 0.99 -0.13 -5.85 -1.17 5.5 11.5 2.0
the average magnetic moment M of Mn ion (in µB units)
can be calculated according to the formula
<M >= Z−1
∑
j=A,B,C
ZjM
j , (2)
with Zj =
∑W
k=1 exp(−Ejk/kBT ) representing the par-
tition function of the j-th center, Z = ZA + ZB + ZC
and
Mj =
−∑Wk=1 < ϕjk|gLLˆ+ gSSˆ|ϕjk > exp(−Ejk/kBT )
Zj
,
(3)
where Ejk, ϕ
j
k are the k-th eigenenergy and the eigen-
function of the Mn3+ ion being in j-th J-T center, re-
spectively.
SINGLE
PAIR TRIPLETS
QUARTETS
closed open
tetrahedron square double triangle
funnel propeller string
FIG. 1. A magnetic cluster is defined here as a group of
magnetic ions (red dots) coupled by a nearest-neighbor ferro-
magnetic superexchange interaction (green line), and decou-
pled from other more distant magnetic atoms. Only clusters
with up to 4 ions are shown.
In this work, we consider singles, pairs, triplets and
quartets of Mn3+ ions coupled by a ferromagnetic su-
perexchange interaction Hexch(1, 2) = J Sˆ1Sˆ2. The ex-
act value of nearest neighbor superexchange coupling
J is not known. The magnitudes of J obtained from
first-principles methods[28] or tight binding approxima-
tions [29] are rather high J > 10 meV. On the other
hand, in our recent LLG simulations (not published
yet) that described reasonably well ferromagnetic prop-
erties of Ga1−xMnxN with x = 6% we use J=1.4 meV.
Therefore we assume J=2 meV here. Now, the rel-
evant eigen-functions and eigen-values are obtained by
a numerical diagonalization of the full (2525), (252252),
(253253), (254254) Hamiltonian matrix, for a single ion,
pair, triplet or quartet, respectively. Additionally, one
should take into account that the number of different J-
T configurations increases with the number of ions N in
given cluster, and equals 3, 33, 33 and 34 for N = 1, 2,
3 and 4 respectively. For example, the hamiltonian for
open triplet (c.f. Fig. 1) reads
H(j1, j2, j3) = HS(j1, 1) +HS(j2, 2) +HS(j3, 3)+
+Hexch(1, 2) +Hexch(2, 3), (4)
where HS(j, k) is the single ion hamiltonian for k-
th ion being in the j-th J-T center and the base
states are characterized by the set of quantum num-
bers |mL1 ,mS1 ,mL2 ,mS2 ,mL3 ,mS3〉. Now, the magne-
tization of the cluster (in µB units) is the thermody-
namical and configurational average of the total mag-
netic moment operator gL(Lˆ1 + Lˆ2 + Lˆ3) + gS(Sˆ1 + Sˆ2 +
Sˆ3), and the sum
∑
j=A,B,C in Eq. (2) is replaced by∑
j1=A,B,C
∑
j2=A,B,C
∑
j3=A,B,C
.
In order to speed up the calculations the parallelization
of the code is used. Additionally, due to the presence of
the Boltzman factor in Eq. (3), only the kmax < W lowest
energy levels and eigenfunctions need to be calculated in
order to obtain a very good approximation of M(B, T )
curves. Here W is equal to 25, 252, 253, 254 for a single
ion, pair, triplet or quartet, respectively. In each case,
the condition of Ekmax − Ek=0  30kBT was fullfilled,
ensuring that relative error in claculation of M(B, T ) is
practically zero. Ek=0 is the ground state energy and
Ekmax is the maximal energy of the calculated excited
states.
4III. MAGNETIC SIMULATIONS
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FIG. 2. Magnetization per one ion as a function of the
magnetic field B of different Mn3+ magnetic clusters in GaN
at T=2 K obtained using crystal field model with ferromag-
netic superexchange coupling J = 2 meV. The magnetic easy
axis M⊥ (solid lines) is perpendicular to the c axis of GaN,
whereas the hard one M|| (dash lines) is parallel to the c axis.
(a) The medium magnetic field, and (b) the high magnetic
field region.
In Fig. 2 we present the results of our simulations
of magnetization per one ion as a function of magnetic
field B of different magnetic clusters at T=2 K. We
see that M(B) varies sharply with magnetic field and
the saturation is observed for high B. The magnetic
easy axis (M⊥) is perpendicular to the c axis of GaN,
whereas the hard one (M||) is parallel to c. Such uni-
axial magnetic anisotropy is specific for Mn3+ ions in
wurtzite GaN [9, 10, 21]. As expected for ferromag-
netic coupling between atoms, the magnetization per one
ion increases with the size of the cluster N . In Fig. 2
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FIG. 3. Comparision of magnetization per one ion of mag-
netic clusters composed of three ions (open vs closed triplet)
and four ions (string vs tetrahedron quartet)
only one representative example from clusters with N
= 1, 2, 3, 4 is presented. As the strength of superex-
change interaction is much stronger than thermal energy
J  kBT ≈ 0.17 meV at T = 2 K, the M(B, T = 2 K)
curve of cluster with givenN is practically independent of
the cluster type and the number of ferromagnetic bonds
JSiSj . It is exemplified in Fig 3 where the same depen-
dencies are observed for closed and open triplets as well as
tetrahedron and string quartets. Therefore in the next
figures only the results corresponding to singles, pairs,
closed triplets and tetrahedron quartets will be shown.
In Fig. 2 we see that M(B) clearly depends on the ori-
entation of the magnetic field B and the cluster size. On
the other hand other studies do not show any conclusive
dependencies of the magnetic anisotropy on the number
of ions in given clusers or 1D wires. For example, exper-
imental results on cobalt atoms deposited on an atomi-
cally ordered platinum surface [4], revealed that magnetic
anisotropy decrease strongly with increasing Co coordi-
nation and number of Co particles. The first-principles
DFT investigations of nanometric ConNim clusters (with
size N = n+m ≤ 7) were performed in Ref. 30. A strong
enhancement of MAE of the clusters as compared with
bulk-like values was found. However, MAE of clusters
as a function of their composition exhibited a complex
and a non-monotonous behavior. These features were
related to CoNi (spd) hybridization processes as well as
structural rearrangements of the atoms.
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FIG. 4. (a) The hard axis magnetization M|| as a func-
tion of easy axis magnetization M⊥. The isotropic case
with M||=M⊥ is represented by the dash line. (b) The
M||/M⊥ ratio as a function of the magnetic field B. The
uniaxial anisotropy filed Ba corresponds to the field B where
M||/M⊥ = 1 (dash line).
The significant dependence of the magnetic anisotropy
on the magnetic ion composition can also be observed
in thin 2D films. For example, the variations of MAE
with concentration of Mn in (Ga,Mn)As grown on GaAs
is usually caused by the epitaxial strain originating from
lattice mismatch [31, 32]. The similar effect takes place
in the material investigated here, where the deviation of
the c-lattice parameter of the Ga1−xMnxN from that of
GaN layer was observed as a function of the Mn content
[33]. However, in this work, we have the advantage that
all parameters of the single ion hamiltonian can remain
unchanged during transition from singlet to quartets, and
the only varying parameters are the the number and the
geometry of ferromagnetic bonds JSiSj .
TABLE II. The uniaxial anisotropy field Ba and magnetocrys-
talline energy (MAE) obtained from Eq. (5) of different Mn
cluster types in GaN.
single pair triplet quartet
Ba (T) 14.6 11.5 9.6 8.7
MAE (meV) 0.204 0.217 0.223 0.227
In order to quantify the strength of magnetic
anisotropy we use two different approaches. Firstly, we
plot in Fig. 4(a) the hard axis magnetization M|| as a
function of easy axis magnetization M⊥. Obviously, the
deviation of M||=f(M⊥) curve from the isotropic case
M||=M⊥ (dash line in Fig. 4(a)) indicates both the di-
rection and the magnitude of the anisotropy. It is seen
that the anisotropy increases with N , however the modi-
fications are the most pronounced between N=1 (single)
and N=2 (pair). Secondly, we calculate MAE in a stan-
dard way. The MAE is the energy needed to rotate the
magnetization from its easy axis into the hard one and it
can be obtained from the following formula:
MAE =
∫ Ba
0
(M⊥ −M||)dB, (5)
where Ba is the uniaxial anisotropy field (see also
Fig. 4(b)). The results of this procedure are summa-
rized in Tab. II. We observe a rather weak dependence
of MAE per atom on cluster size, but still the MAE in-
creases with N . It seems that the magnetic anisotropy
at small magnetic fields increases with N (see Fig. 2(a))
but at the same time the uniaxial anisotropy field Ba de-
creases with N , as shown in Fig. 4b and Tab. II. We even
observe the reversal of magnetic anisotropy at very high
magnetic fields B > 12 T for N ≥1: the low-field easy
axis is perpendicular to the c axis (M⊥ > M||), whereas
the magnetic anisotropy reverses (i.e., M⊥ < M||) when
B is sufficiently large .
CONCLUSIONS
In this paper we numerically compute magnetic re-
sponse of small Mn3+ magnetic clusters in GaN using
quantum-mechanical crystal field approach. The calcu-
lations are performed for isolated ions, pairs, triples and
6quarters of Mn3+ ions coupled by nearest neighbor ferro-
magnetic superexchange interaction. We show that mag-
netocrystalline anisotropy increases with number of ions
N in given cluster, whereas the uniaxial anisotropy field
Ba decreases with N . Our simulations can be further ex-
ploited in explaining experimental magnetic properties of
Ga1−xMnxN in the dilute case (x ≤ 0.03), where different
small magnetic clusters play important role.
ACKNOWLEDGMENTS
I would like to thank K. Gas and M. Sawicki for proof-
reading of the manuscript. The work is supported by the
National Science Centre (Poland) through project OPUS
2018/31/B/ST3/03438 and by the Interdisciplinary Cen-
tre for Mathematical and Computational Modelling at
the University of Warsaw through the access to the com-
puting facilities.
[1] S. Sun, C. B. Murray, D. Weller, L. Folks, and A. Moser,
Science 287, 1989 (2000).
[2] F. Troiani, A. Ghirri, M. Affronte, S. Carretta, P. San-
tini, G. Amoretti, S. Piligkos, G. Timco, and R. E. P.
Winpenny, Phys. Rev. Lett. 94, 207208 (2005).
[3] D. Spiˇsa´k and J. Hafner, Phys. Rev. B 65, 235405 (2002).
[4] P. Gambardella, S. Rusponi, M. Veronese, S. S. Dhesi,
C. Grazioli, A. Dallmeyer, I. Cabria, R. Zeller, P. H.
Dederichs, K. Kern, C. Carbone, and H. Brune, Science
300, 1130 (2003).
[5] R. F. L. Evans, W. J. Fan, P. Chureemart, T. A. Ostler,
M. O. A. Ellis, and R. W. Chantrell, J. Phys.: Condens.
Matter 26, 103202 (2014).
[6] P. Gambardella, J. Phys.: Condens. Matter 15, S2533
(2003).
[7] J. C. Tung and G. Y. Guo, Phys. Rev. B 81, 094422
(2010).
[8] I. M. Billas, A. Chaˆtelain, and W. A. de Heer, Science
265, 1682 (1994).
[9] J. Gosk, M. Zaja¸c, A. Wo los´, M. Kamin´ska, A. Twar-
dowski, I. Grzegory, M. Bockowski, and S. Porowski,
Phys. Rev. B 71, 094432 (2005).
[10] D. Sztenkiel, M. Foltyn, G. P. Mazur, R. Adhikari,
K. Kosiel, K. Gas, M. Zgirski, R. Kruszka, R. Jakiela,
T. Li, A. Piotrowska, A. Bonanni, M. Sawicki, and T. Di-
etl, Nat. Commun. 7, 13232 (2012).
[11] J. L. Tracy, G. Franzese, A. Byrd, J. Garner, T. M.
Pekarek, I. Miotkowski, and A. K. Ramdas, Phys. Rev.
B 72, 165201 (2005).
[12] Z. oki and B. B. Stoji, J. Mag. Magn. Mater. 236, 331
(2001).
[13] R. F. L. Evans, U. Atxitia, and R. W. Chantrell, Phys.
Rev. B 91, 144425 (2015).
[14] J. T. Vallin, G. A. Slack, S. Roberts, and A. E. Hughes,
Phys. Rev. B 2, 4313 (1970).
[15] Vallin, Phys. Rev. B 9, 2051 (1974).
[16] W. Mac, A. Twardowski, P. J. T. Eggenkamp, H. J. M.
Swagten, Y. Shapira, and M. Demianiuk, Phys. Rev. B
50, 14144 (1994).
[17] A. Twardowski, T. Fries, Y. Shapira, P. Eggenkamp,
H. J. M. Swagten, and M. Demianiuk, J. Appl. Phys.
73, 5745 (1993).
[18] M. Herbich, W. Mac, A. Twardowski, K. Ando,
Y. Shapira, and M. Demianiuk, Phys. Rev. B 58, 1912
(1998).
[19] A. Wo los´, A. Wysmolek, M. Kamin´ska, A. Twardowski,
M. Bockowski, I. Grzegory, S. Porowski, and M. Potem-
ski, Phys. Rev. B 70, 245202 (2004).
[20] A. Savoyant, A. Stepanov, R. Kuzian, C. Deparis,
C. Morhain, and K. Grasza, Phys. Rev. B 80, 115203
(2009).
[21] W. Stefanowicz, D. Sztenkiel, B. Faina, A. Grois,
M. Rovezzi, T. Devillers, A. Navarro-Quezada, T. Li,
R. Jakie la, M. Sawicki, T. Dietl, and A. Bonanni, Phys.
Rev. B 81, 235210 (2010).
[22] A. Bonanni, M. Sawicki, T. Devillers, W. Stefanowicz,
B. Faina, T. Li, T. E. Winkler, D. Sztenkiel, A. Navarro-
Quezada, M. Rovezzi, R. Jakie la, A. Grois, M. Wegschei-
der, W. Jantsch, J. Suffczyn´ski, F. D’Acapito, A. Mein-
gast, G. Kothleitner, and T. Dietl, Phys. Rev. B 84,
035206 (2011).
[23] C. Rudowicz, K. Tadyszak, and T. lusarski, J. Magn.
Magn. Mat. 485, 381 (2019).
[24] M. Sawicki, T. Devillers, S. Ga le¸ski, C. Simserides,
S. Dobkowska, B. Faina, A. Grois, A. Navarro-Quezada,
K. N. Trohidou, J. A. Majewski, T. Dietl, and A. Bo-
nanni, Phys. Rev. B 85, 205204 (2012).
[25] S. Stefanowicz, G. Kunert, C. Simserides, J. A. Majew-
ski, W. Stefanowicz, C. Kruse, S. Figge, T. Li, R. Jakie la,
K. N. Trohidou, A. Bonanni, D. Hommel, M. Sawicki,
and T. Dietl, Phys. Rev. B 88, 081201(R) (2013).
[26] K. Gas, J. Z. Domagala, R. Jakiela, G. Kunert,
P. Dluzewski, E. Piskorska-Hommel, W. Paszkow-
icz, D. Sztenkiel, M. J.Winiarski, D. Kowalska,
R. Szukiewicz, T. Baraniecki, A. Miszczuk, D. Hommel,
and M. Sawicki, Journal of Alloys and Compounds 747,
946 (2018).
[27] Y. Shapira and V. Bindilatti, J. Appl. Phys. 92, 4155
(2002).
[28] K. Sato, L. Bergqvist, J. Kudrnovsky´, P. H. Ded-
erichs, O. Eriksson, I. Turek, B. Sanyal, G. Bouzerar,
H. Katayama-Yoshida, V. A. Dinh, T. Fukushima,
H. Kizaki, and R. Zeller, Rev. Mod. Phys. 82, 1633
(2010).
[29] C. Simserides, J. Majewski, K. Trohidou, and T. Dietl,
EPJ Web of Conferences 75, 01003 (2014).
[30] J. Meja-Lpez, A. Meja-Lpez, and J. Mazo-Zuluaga,
Phys. Chem. Chem. Phys. 20, 16528 (2018).
7[31] O. M. Fedorych, E. M. Hankiewicz, Z. Wilamowski, and
J. Sadowski, Phys. Rev. B 66, 045201 (2002).
[32] M. Sawicki, J. Mag. Magn. Mater. 300, 1 (2006).
[33] G. Kunert, S. Dobkowska, T. Li, H. Reuther, C. Kruse,
S. Figge, R. Jakie la, A. Bonanni, J. Grenzer, W. Ste-
fanowicz, J. von Borany, M. Sawicki, T. Dietl, and
D. Hommel, Appl. Phys. Lett. 101, 022413 (2012).
